Pulmonary arterial hypertension (PAH) is a life-threatening disorder that is associated with elevated pulmonary pressures and right heart failure resulting from progressive loss and thickening of small pulmonary arteries. Despite their ability to improve symptoms, current therapies fail to prevent disease progression, leaving lung transplantation as the only therapy in end-stage PAH. To overcome the limitations of current therapies, there is an active search for disease-modifying agents capable of altering the natural history of, and improving clinical outcomes in, PAH. The Wnt signaling pathways have emerged as attractive treatment targets in PAH given their role in the preservation of pulmonary vascular homeostasis and the recent development of Wnt-specific compounds and biological therapies capable of modulating pathway activity. In this review, we summarize the literature describing the role of Wnt signaling in the pulmonary circulation and discuss promising advances in the field of Wnt therapeutics that could lead to novel clinical therapies capable of preventing and/or reversing pulmonary vascular pathology in patients with this devastating disease.
Introduction
Following their discovery in 1981 [1, 2] , the Wnt signaling pathways have been the subject of intense investigation by both physicians and scientist alike because of the range of developmental events and biological processes that they control. Given the influence of Wnt signaling on the preservation of cell and tissue homeostasis [3] , it is not surprising that mutations that alter Wnt pathway activation can lead to the development of disease states. To date, more than 20 clinical diseases have been linked to abnormal Wnt signaling, including developmental anomalies (e.g. spina bifida [4] ), degenerative conditions (e.g. Alzheimer's disease [5] ), malignancies (e.g. colon cancer [6] ) and chronic diseases (e.g. atherosclerosis [7] ). Given the range of clinical disorders associated with abnormal Wnt signaling, there has been tremendous interest in developing therapeutic approaches that could restore Wnt pathway activity to physiological levels. In recent years, there have been numerous advances in the development of Wnt pathway modulators, some of which have shown great promise and are currently being evaluated for clinical use in phase 2 clinical trials. Given the rapid growth of this field, it is expected that Wnt-based therapeutics will become part of the management of many acute and chronic conditions in the near future. PAH is a rare but devastating disorder associated with progressive increase in pulmonary pressures that, if untreated, leads to right heart failure and death [8] . The pathology of PAH is characterized by progressive loss of small vessels and wall thickening from increased hypertrophy and proliferation of smooth muscle in the medial layer, resulting in luminal obliteration and increase in pulmonary vascular resistance [9] . To date, none of the available therapies have been shown to promote angiogenesis or reverse established medial thickening, thus resulting in disease progression and eventual failure of therapy. Given the known role of Wnt signaling in regulating angiogenesis and cell growth, it is tempting to speculate that Wnt-signaling modulation could have a role in the development of diseasemodifying agents to treat this condition. In recent years, evidence has been gathered to support a key role for the Wnt signaling pathways in PAH pathobiology and potential targets have been identified that could be amenable for the development of novel Wnt-based therapeutics. This review provides a summary of this evidence to date and a bird's eye view of the state of the field of Wnt-based therapeutics, along with speculations concerning specific approaches that could be relevant for delivery of these agents to the pulmonary circulation.
Role of the Wnt signaling pathways in preservation of pulmonary vascular homeostasis
The best characterized of the Wnt signaling pathways is the Wnt/β-catenin (bC) pathway, whose chief downstream effector is bC, a highly dynamic cytoplasmic protein that can translocate to the nucleus to selectively alter gene expression (Fig. 1a) . In the normal steady state, bC is targeted for degradation by a cytoplasmic protein complex comprising Axin, adenomatous polyposis coli and glycogen synthase kinase 3β (GSK3β). Once bound to this complex, bC is phosphorylated by GSK3β and targeted for subsequent ubiquitination and proteasomal degradation [10] . Wnt ligands trigger Wnt/bC pathway activation by first binding to a receptor complex comprising a member of the frizzled (FZD) family of seven pass membrane receptors and low-density lipoprotein receptor-related protein (LRP) 5/6, followed by activation of disheveled (Dvl), a cytoplasmic protein that is ultimately responsible for the inactivation of the bC degradation complex. Upon release from the degradation complex, bC translocates to the nucleus, where it binds a transcriptional complex comprising lymphoid-enhancing factor (LEF) and T cell factor (TCF), resulting in the transcription of genes involved in cell fate, proliferation, survival and differentiation [11] .
In addition to the Wnt/bC pathway, there are other Wnt pathways that have more specialized biological functions and whose activation is independent of bC accumulation. Among these, Wnt/ planar cell polarity (PCP) signaling is a highly conserved pathway that regulates cell de Jesus Perez et al. and tissue polarity along the planar axis of epithelial or mesenchymal cell sheets. In mammals, activation of Wnt/PCP is necessary for neural tube closure, and mutations that disrupt this event result in neural tube defects, such as craniorachischisis and spina bifida. Whereas Wnt/PCP activation also follows the binding of a Wnt ligand with a member of the FZD receptor family, recruitment of other co-receptors, such as receptor tyrosine kinase-like orphan receptor 2 (ROR2), is necessary to activate the pathway (Fig. 1b) . Once the Wnt/PCP receptor complex is activated, Dvl is once again responsible for initiating the signaling cascade that culminates in the activation of the small GTPases Rac, Rho and cdc42. Once activated, these proteins trigger cytoskeletal rearrangements that allow cells to navigate their immediate environment and synchronize their movements to that of other cells within a specific tissue plane [12, 13] .
Relevance of Wnt signaling to PAH pathogenesis was first suggested in a study looking at the expression profile of laser-microdissected plexiform lesions, which demonstrated significant upregulation of PCP pathway genes, such as those encoding Wnt11, Rho kinase, Disheveled and Daam1 [14] . Around this time, it was reported for the first time that the protective effects of bone morphogenetic protein (BMP) on the pulmonary endothelium were dependent on simultaneous activation of both Wnt/bC and Wnt/PCP [15] . Following stimulation with BMP2, pulmonary artery endothelial cells (PAECs) demonstrated an increase in bC transcriptional activity that correlated with an increase in genes involved in PAEC proliferation and survival. Intriguingly, it was found that BMP2 can also trigger pulmonary angiogenesis in a bC-independent manner by activating Wnt/PCP in PAECs. In response to Wnt/PCP activation, PAECs can organize into functional vascular networks that can deliver both oxygen and nutrients to active tissues. Thus, it was concluded that concomitant activation of both Wnt signaling pathways is necessary for preservation of pulmonary vascular homeostasis and that loss of function in either Wnt pathway could contribute to PAH by limiting the extent of vascular regeneration in response to injury.
One of the main pathological features of PAH is vascular obstruction caused by accumulation of pulmonary smooth muscle cells (PASMCs) within the wall of small pulmonary arteries. Previous studies showed that signaling through BMPR2 can facilitate pulmonary artery PASMC motility [16] and suppress proliferation induced by plateletderived growth factor (PDGF)-BB [17] , but whether this is also dependent on BMPmediated recruitment of the Wnt signaling pathways was at that stage unknown. Using a similar experimental approach as the one used in the PAEC studies, researchers found that BMP2 could also activate both Wnt/bC and Wnt/PCP in PASMCs [15] , but the timing for each signaling event was different mutations that interfered with sequential Wnt pathway activation resulted in increased PASMC growth in response to PDGF stimulation. The authors went on to show that BMP signaling could induce tandem and independent recruitment of the Wnt/bC and the Wnt/PCP pathways to suppress proliferation and induce motility respectively as following: BMP2 can induce production and release fibronectin (FN) in PASMCs in a bC-dependent fashion [18] . A key component of the vascular extracellular matrix, FN, can activate Wnt/PCP in the absence of Wnt ligands by triggering Dvl-mediated RhoA and Rac1 activation via integrin-linked kinase (ILK) 1. The binding of ILK-1 to Dvl is a key event that results in exclusive activation of Wnt/PCP while simultaneously suppressing Wnt/bC. The final outcome of this chain of events is that, in de Jesus Perez et al. response to a vascular insult, PASMC can effectively mobilize to reach the damage zone and aid in tissue repair while preventing FN accumulation via suppression of bC-dependent growth. The consequences of interfering with this protective signaling mechanism were shown using an in vivo carotid stent model where a mutant Dvl construct lacking ILK-1 binding domains was found to result in neointima formation and medial thickening from excessive PASMC accumulation.
In conclusion, the above evidence enablesus to proposea model whereby the Wnt signaling pathways has a major role in preserving pulmonary vascular homeostasis by promoting healing after injury (Fig. 2a) . However, alterations in Wnt pathway activation could lead to PAH by preventing proper small vessel regeneration and allowing excessive PASMC growth (Fig. 2b) . Despite the seeming complexity of these pathways, it is possible to point to some key signaling components that could serve as therapeutic targets for drug development. In the next sections, we focus on relevant developments in Wnt therapeutics that can address these targets and provide avenues to help manipulate the Wnt pathways to treat vascular pathology in PAH.
Targeting Wnt signaling in PAH
Given the key role of Wnt signaling pathways in pulmonary angiogenesis and vascular remodeling in PAH, it is possible to predict that Wnt modulators could be useful as diseasemodifying therapies. However, the development of potential Wnt modulators must take in consideration the range of cellular functions and molecular targets regulated by Wnt pathways across the body to minimize the potential for off-target effects and systemic toxicity. Previously, the success of identifying clinically useful Wnt modulators has been limited because of the complexity of the Wnt signaling pathways and limited access to high throughput screening (HTS) methods capable of screening large numbers of candidate compounds at a given time. In addition to screening small molecule libraries, recent advances in understanding of Wnt pathway regulation have led to the development of highly specific biological therapies capable of targeting Wnt ligands, receptors and intracellular components within specific compartments in the body. To date, there are at least ten clinical trials investigating the impact of Wnt modulators in the treatment of malignancies and chronic conditions, such as inflammatory bowel disease, Alzheimer's disease and psoriasis.
Below, we discuss some of the strategies that can help identify potentially useful Wnt modulators for use in PAH. In addition, we briefly discuss some promising developments in nanomedicine that could allow targeted delivery of Wnt modulators to the pulmonary circulation.
Screening FDA approved and small molecule libraries for Wnt modulators
One approach to accelerate the discovery of novel Wnt mediators is using high throughput methods to screen large libraries of US Food and Drug Administration (FDA) approved and novel small molecules. An advantage of screening libraries of FDA-approved compounds is that the safety profile of these agents in humans is well known and approval for a new indication could be accomplished over a shorter amount of time compared with that of novel compounds [19] [20] [21] . To date, there are several FDA-approved drug classes that have been shown to have potential as Wnt modulators. For instance, nonsteroidal anti-inflammatory drugs (NSAIDs), such as diclofenac and sulindac, have been shown to inhibit bC activation in patients with familial adenomatous polyposis (FAP), a genetic condition associated with abnormal activation of Wnt/ bC signaling in the colon leading to polyp formation and high risk of colon cancer [22] [23] [24] . The mechanism for NSAID-mediated inhibition of Wnt/bC appears to be facilitated by preventing the nuclear translocation and transcriptional activity of bC, which results in reduced transcription of genes involved in proliferation and survival of cancer cells [22] . Likewise, cyclooxygenase 2 (COX2) inhibitors have been FDA approved for the treatment of patients with FAP because of their ability to suppress polyp growth via inhibition of Wnt/bC activity [25, 26] . In the pulmonary circulation, COX2 induces production of thromboxane A2, a powerful vasoconstrictor that is upregulated during hypoxia and appears to be directly linked to the vascular remodeling observed in the setting chronic hypoxia. In an effort to test whether COX2 inhibition could prevent hypoxiainduced pulmonary vasoconstriction (HPV), Kylhammar et al. treated 18 anesthetized pigs with a nimesulide infusion during normoxia and hypoxia for 45 min [27] . Hypoxic pigs treated with nimesulide demonstrated a 10-11% reduction in pulmonary artery pressures, suggesting benefit in HPV. However, use of celecoxib in rats exposed to chronic hypoxia demonstrated exacerbation of pulmonary pressures, with an increase in serum thromboxane A1 level raising concerns regarding the safety of this therapy in the pulmonary circulation [28] . Although none of these studies looked at Wnt/bC activation in the pulmonary circulation, the present results must be considered carefully before using these therapies in patients with PAH.
Given its dynamic nature, bC has been shown to interact with a variety of nuclear receptors that are currently targets for several FDA-approved therapies. It was recently shown that BMP stimulation in PAECs can trigger formation of a protein complex between bC and PPARg, a target of FDA-approved antidiabetic agents, such as pioglitazone and rosiglitazone [29] . It was found that the angiogenic properties of BMP were lost when PAECs were treated with either peroxisome proliferator-activated receptor gamma (PPARγ) agonists (i.e. GW9662) or antagonists (i.e. rosiglitazone). This resulted from disruption of the bC-PPARγ complex by either drug class that led to significant changes in the gene expression prolife of PAECs in response to BMP stimulation. Using CHiP-chip analysis, a list of gene-specific promoters were identified with evidence of binding by both PPARγ and bC, suggesting that the simultaneous presence of these two agents is necessary for proper gene expression. Among the genes regulated by both bC and PPARγ, researchers focused on apelin given prior reports demonstrating its link to PAH [30, 31] . Given that loss of either PPARγ or bC was associated with reduced apelin production, researchers tested whether exogenous apelin replacement could prevent PAH in endothelial-specific TIE2CrePPARγ fl/fl mice. Genetically modified mice offer a unique advantage for the study of human diseases because they can be used to manipulate the expression level of any gene to study its function and reveal their contribution to specific disease processes. However, when compared with rats and neonatal calves, the severity of PAH seen in mice is mild, a fact that must be kept in mind when extrapolating data to patients. As predicted, it was found that apelin administration prevented PAH development in TIE2CrePPARγ fl/fl mice, leading to the de Jesus Perez et al.
conclusion that disrupting the BMP-mediated bC-PPARγ complex can lead to severe vessel damage and development of PAH.
On the basis of this study, it might seem that the use of PPARγ agonists might not be beneficial in PAH. However, it is important to point out that PPARγ has protective effects in the pulmonary circulation that are independent of bC. Studies in Apo -/-mice demonstrated that development of PAH in mice exposed to a high-fat diet could be prevented by treatment with rosiglitazone [17] . This preclinical study, along with published reports demonstrating a link between insulin resistance, BMPR2 mutations and PAH development [32] [33] [34] , led to a clinical trial testing the utility of pioglitazone in treating patients with PAH. Therefore, given the biological complexity of these agents, it is possible that its adverse effects on bC could be overcome by benefits in other areas that in the end might add up to a clear clinical benefit.
Despite a large number of reports in the literature describing the use of FDA-approved drugs in cell and animal models of disease, testing each individual compound in PAH would be time consuming and would delay the discovery of clinically relevant Wnt modulators. In addition, even though there might be more than one study looking at a specific compound for a given indication, reproducibility of results is difficult given the different conditions used across studies leading to conflicting reports and a perceived lack of confidence on the clinical potential of the compound. To circumvent these limitations, HTS strategies make use of libraries of known compounds that can be tested simultaneously under controlled experimental conditions, leading to reproducible and reliable readouts and fast identification of biologically active compounds. To screen these libraries for Wnt modulators, it is necessary to have a reporter system that can reliably provide readout of change in Wnt signaling activity in the presence of potential activators or inhibitors. For this purpose, there are now cell lines stably transfected with bC luciferase reporters (i.e. Super TOP flash) that can produce increased amounts of luciferase in response to agents that trigger transcriptional activity of bC [35] . Although the reporter line is well tailored to document Wnt/bC activation, it can also be used to screen for pathway inhibitors. Given that Wnt modulators that stimulate or inhibit bC activation in these reporter lines can be acting at any level of the Wnt/bC pathway (i.e. ligand mimetics, GSK3β inhibition or TCF/bC activators), these screens could lead to the discovery of candidate compounds with different mechanisms of action across the entire pathway.
Several groups studying Wnt/bC in several contexts have successfully used HTS to discover novel Wnt modulators. Recently, one group combined a biological Xenopus egg-based assay with HTS to uncover a role for pyrvinium, a potent FDA-approved antihelminthic drug that works as a casein kinase 1 inhibitor to prevent bC accumulation by increasing GSK3β activity [36] . Use of pyrvinium in a mouse model of myocardial infarction (MI) showed that this drug can reduce the size of the infarct, leading the authors to conclude that bC suppression could help preserve myocardial function in post-MI patients. Another group performing a HTS with a HEK293-based reporter cell system identified XAV939, a novel compound that inhibits bC activation by stabilizing the bC degradation complex [37] . Although most of the work has focused on identifying Wnt inhibitors for use in the treatment of cancer or inflammatory conditions, HTS can also be designed to screen compound libraries for potent Wnt activators by using either Wnt reporter lines [38] or fluorescence microscopy [39] . Thus, implementation of a HTS-based strategy can help identify candidate Wnt modulators that can be further validated in preclinical studies to determine their potential as novel PAH therapies.
A study was recently published describing a HTS approach to screen a >3500 FDA compound library against a cell line engineered to express a luciferase reporter to document BMP signaling activity. Using this tool, the authors were able to show that FK506, a known immunosuppressive agent, could strongly induce BMP signaling activity in the reporter line, leading the authors to propose that this FDA-approved compound could be used to restore BMP signaling in PAH [40] . The efficacy of low-dose FK506 has been confirmed to improve angiogenesis and restore normal growth of PAH endothelial cells, and its therapeutic benefit in preventing vascular remodeling indifferent animal models of PAH has also been shown. Given these findings, the researchers have now moved to phase 2 clinical studies to test the safety and efficacy of low-dose FK506 in patients with PAH. The success of this strategy led to additional studies screening compound libraries using a Wnt/bC reporter line to identify potentially relevant FDA-approved and novel compounds that can be tested in pre-clinical studies. Beyond testing these compounds in cell systems, it will be imperative to use animal models to determine carefully the clinical dose range required to minimize off-target effects outside the pulmonary vascular compartment.
Use of biological therapies
As indicated above, Wnt signaling pathways appear to have cell-specific effects in the pulmonary circulation that must be taken into account when planning HTS studies. Thus, although activation of bC appears to promote angiogenesis, it can also lead to increased SMC growth and might contribute to worsened vascular remodeling. In addition, some pathway components might have other cellular functions in addition to their involvement in Wnt signaling that could be affected if they are targeted with small compounds. For instance, APC inhibition could result in small vessel loss, given the role of this molecule in establishment of endothelial adhesions and cell survival [41] . One way to narrow the biological impact of a given Wnt therapy is to target a specific Wnt signaling component that is associated with abnormal cellular function in all pulmonary vascular types. Similar to BMPR2 mutations, ideal Wnt pathway targets would be associated with abnormal cellular phenotype in all pulmonary vascular cell and restoration of their level or function should result in restoration of homeostasis. To achieve this, a comprehensive profile of the genotype and expression patterns of all Wnt components should be performed in wellcharacterized healthy individuals and patients with PAH. With the advent of next-generation sequencing, it is feasible to study the genome of patients for potential disease-causing variants in Wnt genes using whole-exome or genome sequencing followed by validation studies using cells isolated from lungs of patients with PAH undergoing transplant or at autopsy, and preclinical models of PAH.
In recent years, there have been some encouraging developments using biological agents that either mimic or block activity of endogenous Wnt components in a highly specific fashion. Despite the availability of recombinant Wnt ligands that can activate Wnt signaling de Jesus Perez et al. in vitro and in vivo, it is difficult to predict the biological effect of any Wnt, given that most Wnts have cell-specific effects that could lead to adverse consequences. However, in certain diseases, significant alterations in specific Wnts can help design specific therapies tailored to that particular Wnt. For example, various forms of cancer shown to over express Wnt1 demonstrated decreased size and survival when treated with a Wnt1-blocking antibody [42, 43] . Similarly, sarcomas that over express the FZD10 receptor have shown significant regression in response to FZD10 antibodies bound to the radioisotope Yttrium-90 [44] .
Other strategies being used to target a broader range of Wnts in malignancies that display marked alteration in numerous Wnt ligands include the use of a decoy FZD receptor to bind Wnts before they can trigger Wnt signaling in cells. For example, use of a soluble form of the cysteine-binding domain of the FZD8 receptor (OMP-54F28) has been shown to have antineoplastic activity against tumors [45] , which has led to a currently active open-label phase 1 clinical trial (NCT01608867).
Besides being able to identify relevant molecular targets within the Wnt pathways, we must also consider the most effective means to deliver these to the pulmonary circulation while minimizing systemic adverse effects. In addition, use of biological Wnt modulators, such as recombinant Wnts, will also require carriers that help preserve their biological activity. Nanoparticles have emerged as an exciting alternative to accommodate the requirements for delivering active Wnts to the lungs. Given their small size, aerosolized nanoparticles can be delivered to the distal airspaces effectively and to release encapsulated compounds locally with limited systemic effects [46] . Although no studies have yet been done looking at Wnt delivery to the lung, there have been reports demonstrating that Wnt3a packaged in liposomal particles has intact biological activity and can activate Wnt/bC signaling, as evidenced by luciferase production in cell lines transfected with bC luciferase reporter [47] . Likewise, liposomal Wnt3a has been shown to accelerate bone formation around prosthetic implants inserted during bone surgery [48] . Future studies testing the nano-particle-based Wnt modulators targeted to the pulmonary circulation could serve to exploit this method of drug delivery in patients with PAH.
Concluding remarks
Studies to date have shown that Wnt signaling pathways has a crucial role in the regulation of pulmonary angiogenesis and vascular remodeling, and therapies that modulate Wnt pathway activity could be of use in patients with PAH. However, because of the complexity of pathway signaling, the extent of cross-talk with other signaling pathways and the large number of signaling components, it has been difficult to identify safe and effective therapies that specifically target Wnt signaling in disease. Nevertheless, recent advances using HTS and biologic compounds have moved us closer to identifying potentially useful therapies to be tested in clinical trials. The future of Wnt therapeutics in PAH will depend on identifying specific abnormalities within the Wnt pathways that could be amenable to correction by supplementation of either mimetics or inhibitors specific for a given factor deficiency. Furthermore, attempts at modulating Wnt signaling have to be tempered by the possibility of opposite effects of Wnt activation in different cell types within the vascular tissue. Finally, given the range of biological processes under the influence of Wnt signaling, use of delivery methods that can bypass systemic exposure to Wnt modulators and deliver the agents The Wnt canonical and non-canonical pathways. (a) The Wnt/β-catenin(bC) pathway. In the normal steady state, bC is targeted for degradation by a cytoplasmic APC/Axin/GSK-3β protein complex. Once bound to this complex, bC is targeted by coordinated phosphorylation by CK1/APC/Axin/GSK-3β-complex leading to its ubiquitination and proteasomal degradation. However, when the Wnt ligand binds to Frizzled/LRP5/6 coreceptors, subsequently triggers activation of Dvl followed by releasing bC from an inhibitory APC/Axin/GSK-3β-complex. bC translocates into the nucleus and activates genes involved in cell proliferation, survival and differentiation. (b). The Wnt/PCP pathway. When the Wnt ligand binds to Wnt/PCP receptor complex, Dvl is responsible for initiating the signaling cascade that culminates in the activation of the small GTPases Rac, Rho and cdc42. Once activated, these proteins trigger cytoskeletal rearrangements which regulate cell motility and polarity. 
